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ABSTRACT
Aims. We studied the well known circumstellar disk around the Herbig Ae/Be star HD 97048 with high angular resolution to reveal
undetected structures in the disk, which may be indicative of disk evolutionary processes such as planet formation.
Methods. We used the IRDIS near-IR subsystem of the extreme adaptive optics imager SPHERE at the ESO/VLT to study the
scattered light from the circumstellar disk via high resolution polarimetry and angular differential imaging.
Results. We imaged the disk in unprecedented detail and revealed four ring-like brightness enhancements and corresponding gaps in
the scattered light from the disk surface with radii between 39 au and 341 au. We derived the inclination and position angle as well as
the height of the scattering surface of the disk from our observational data. We found that the surface height profile can be described
by a single power law up to a separation ∼270 au. Using the surface height profile we measured the scattering phase function of the
disk and found that it is well consistent with theoretical models of compact dust aggregates. We discuss the origin of the detected
features and find that low mass (≤1 MJup) nascent planets are a possible explanation.
Key words. Stars: individual: HD97048 – planetary systems: protoplanetary disks – planetary systems: planet-disk interactions –
Techniques: polarimetric
1. Introduction
In the past two decades a large variety of planetary systems
have been discovered by indirect observation techniques such
as radial velocity surveys (see e.g. Udry & Santos 2007) and
transit searches (see Batalha et al. 2013). To understand the
formation process of these planets we need to study the ini-
tial conditions and evolution of protoplanetary disks. Interme-
diate mass Herbig Ae/Be stars are prime targets for such stud-
ies due to the massive disks they are hosting. High resolu-
tion imaging observations have been performed for a number
of these disks in the past few years, e.g. Muto et al. (2012)
∗ Based on data collected at the European Southern Observatory,
Chile (ESO Programs 096.C-0248, 096.C-0241, 077.C-0106).
and Wagner et al. (2015) showed resolved spiral arms in the
disks around SAO 206462 and HD 100453, while Augereau et al.
(1999), Biller et al. (2015), Currie et al. (2016) and Perrot et al.
(2016) found asymmetric rings and gaps with increasing detail
in the transitional disk around HD 141569 A. These structures
may be signposts of ongoing planet formation. Indeed signa-
tures of massive accreting protoplanets were directly detected
in recent years in the disks of LkCa 15 (Kraus & Ireland 2012,
Sallum et al. 2015) and HD 100546 (Quanz et al. 2013, Quanz
et al. 2015, Currie et al. 2015). Furthermore, several prominent
young, massive planets orbiting stars of early spectral type were
found through direct imaging observations, such as βPic b (La-
grange et al. 2009), HR 8799 b,c,d,e (Marois et al. 2008, Marois
et al. 2010), HD 95086 b (Rameau et al. 2013), 51 Eri b (Macin-
Article number, page 1 of 11
ar
X
iv
:1
60
9.
04
02
7v
1 
 [a
str
o-
ph
.E
P]
  1
3 S
ep
 20
16
A&A proofs: manuscript no. hd97048_paper_rev1
tosh et al. 2015) and most recently HD 131399 Ab (Wagner et al.
2016). Thus these stars enable us to study the beginning and the
end of the planet formation process at scales that we can spa-
tially resolve.
HD 97048 is a young (2-3 Myr, van den Ancker et al. 1998, La-
gage et al. 2006), well studied Herbig Ae/Be star at a distance of
158+16−14pc (van Leeuwen 2007). The mass of the star is estimated
to be 2.5±0.2 M (van den Ancker et al. 1998). The star is well
known to harbor a large (≥ 600 au, Doering et al. 2007) circum-
stellar disk. The disk was first spatially resolved in spectroscopy
by van Boekel et al. (2004) using TIMMI2 in the mid-IR and
in imaging by Lagage et al. (2006) and Doucet et al. (2007) us-
ing VLT/VISIR with filters sensitive to PAH emission features
in the mid-IR. Follow-up studies revealed the extended disk (be-
tween 320 au and 630 au) in optical scattered light (Doering et al.
2007), as well as in near-IR polarized light (Quanz et al. 2012).
However, no structures were directly detected in the disk. From
SED fitting combined with resolved Q-band imaging, Maaskant
et al. (2013) deduced the presence of a gap and a puffed up outer
disk inner edge at 34±4 au.
We used the SPHERE (Spectro-Polarimetric High-contrast Exo-
planet REsearch, Beuzit et al. 2008) instrument at the ESO-VLT
to observe HD 97048 in polarized and integrated light. By ap-
plying the polarized differential imaging technique (PDI, Kuhn
et al. 2001, Apai et al. 2004) as well as the angular differential
imaging technique (ADI, Marois et al. 2006) we were able to re-
move the flux from the central star to study the circumstellar disk
in unprecedented detail. In addition, we re-analyzed archival po-
larimetric VLT/NACO (Lenzen et al. 2003, Rousset et al. 2003)
data to compare them to our new observations. We identified four
ring-like brightness enhancements and associated brightness de-
creases that we discuss in the following sections.
2. Observation and data reduction
2.1. IRDIS polarimetric observations
The HD 97048 system was observed as part of the ongoing
SPHERE guaranteed time program to search and characterize
circumstellar disks. Observations were carried out with the in-
frared subsystem IRDIS (Infra-Red Dual Imaging and Spectro-
graph, Dohlen et al. 2008) in the dual polarization imaging mode
(DPI, Langlois et al. 2014) on February 20th 2016. Observing
conditions were poor during the whole imaging sequence with
average seeing above 1.3 arcsec (coherence time of 3 ms). We
reached a mean Strehl ratio of 45%. We took 31 polarimetric
cycles, each consisting of 4 data cubes, one per half wave plate
(HWP) position. Each data cube consisted of 2 individual ex-
posures with exposure times of 16 s, giving a total integration
time of 64 min. All observations were conducted with the broad-
band J filter of SPHERE and with the primary star placed behind
an apodized Lyot coronagraph with a diameter of 145 mas. To
determine the accurate position of the star behind the corona-
graph, dedicated center calibration frames with 4 satellite spots
produced by a waffle pattern applied to the deformable mirror
were taken at the beginning and at the end of the observing se-
quence. We also took flux calibration images at the beginning
and at the end of the sequence with the star moved away from
the coronagraph and a neutral density filter inserted to prevent
saturation.
For data reduction we first applied standard calibrations to each
individual image, which consisted of dark subtraction, flat field-
ing and bad-pixel masking. We then averaged the two images
in each data cube to obtain one image per HWP position and
polarimetric cycle. Each exposure contains two orthogonal po-
larization directions that were recorded simultaneously. We split
these images into two individual frames (left and right side, cor-
responding to parallel and perpendicular polarized beam). To ob-
tain the individual Q+, Q−, U+ and U− frames for each polarimet-
ric cycle (corresponding to HWP positions of 0◦, 45◦, 22.5◦ and
67.5◦), we measured the precise position of the central star using
the center calibration frames on the left and right side of the im-
age. We then aligned and subtracted the right side of the image
from the left side1. To correct for the instrumental polarization
introduced by the telescope optics, we then subtracted Q− from
Q+ to obtain a clean Stokes Q image (analog for Stokes U). We
finally averaged all Stokes Q and U images.
Since the HWP is only sensitive to instrumental polarization up-
stream of its position in the optical path, there may be a small
amount of instrumental polarization present in the final Q and
U images. This instrumental polarization is thought to be pro-
portional to the total intensity image (Stokes I) as discussed by
Canovas et al. (2011). We thus subtracted a scaled version of
Stokes I from our Q and U images. To obtain the scaling factor
we converted our Q and U images to the radial Stokes compo-
nents Qφ and Uφ by the formulas given in Schmid et al. (2006).
A positive Qφ signal corresponds to an azimuthal polarization
direction and negative signal corresponds to a radial polarization
direction. Uφ contains all signal with polarization vector angles
that are 45 deg from an azimuthal or radial orientation. This sig-
nal is expected to be small for a centrally illuminated symmet-
rical disk (Canovas et al. 2015). We then determined the scaling
factor for our instrumental polarization correction such that the
flux in an annulus with an inner radius of 10 pixel (∼0.12 arcsec)
and an outer radius of 30 pixel (∼0.36 arcsec) around the stellar
position in the Uφ frame is minimized. After this step we cre-
ated the final Qφ and Uφ images. These final reduced images are
shown in Fig. 1.
All images were astrometrically calibrated by observations of
the close quadruple system Θ1 Ori B observed with IRDIS in
imaging mode using the same filter and coronagraph as in our
polarimetric observations. Details of the astrometric calibration
procedure can be found in Maire et al. (2016). We are using a
pixel scale of 12.263±0.008 mas/pixel and a true north direction
of -1.81±0.30 deg. We correct for the anamorphism between the
image x and y directions by stretching the y direction with a fac-
tor of 1.0060±0.0002.
2.2. IRDIS angular differential imaging observations
HD 97048 has also been observed on March 28th, 2016 as part
of the SHINE (SpHere INfrared survey for Exoplanets) pro-
gram with IRDIS in Dual Band Imaging (DBI, Vigan et al.
2010) mode operating in the H2 - H3 filters (λH2 = 1.593µm,
λH3 = 1.667µm). The sky was clear with an average seeing be-
low 1.0 arcsec (average coherence time of 3 ms). We obtained
80 frames of 64s each during which the field of view rotated by
24.5◦. The mean Strehl ratio during the sequence was 70 %. The
starlight was blocked with an apodized Lyot coronagraph with a
mask diameter of 185 mas. Out of mask images for photometric
calibration purposes as well as frames with the 4 sattelite spots
inserted for astrometric calibration were obtained in the same se-
quence.
The data were first processed with the Data Reduction Handling
(DRH, Pavlov et al. 2008) tools at the SPHERE Data Center and
1 We only interpolate one of the two beams to align the two polariza-
tion directions to minimize interpolation artifacts.
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follow the same reduction as the DPI data, i.e. sky subtraction,
flat fielding, bad pixel removal, and recentering to a common
center. The true north correction is also identical to the DPI data.
The two spectral channels were co-added to achieve a higher sig-
nal to noise ratio.
Finally we employed three different angular differential imaging
routines to suppress the starlight. The results are shown in Fig. 1.
The simple ADI routine creates a reference image by median-
combining all images in the sequence. This reference image is
then subtracted from each individual frame and they are sub-
sequently de-rotated and combined. As a second approach we
used a principal component analysis (PCA) to create an orthog-
onal basis set of the stellar PSF. For this purpose we utilized the
PynPoint routine by Amara & Quanz (2012) with a set of 5 ba-
sis components. Note that PynPoint resamples the input images
to decrease the pixel size by a factor of 2. Finally we used the
SHINE tool, SpeCal (Galicher et al., in prep.) to suppress the
starlight using the TLOCI algorithm (Galicher & Marois 2011,
Marois et al. 2014). TLOCI is a variant of the LOCI algorithm
(Lafrenière et al. 2007) which defines a linear combination of
reference frames to be subtracted in particular areas of the im-
age called subtraction zones. It slightly differs from LOCI in the
shape of the areas since the so-called optimization zone (used to
define the coefficients of the linear combination) is centered on
the subtraction zone (where the starlight is actually subtracted).
Here we used circular but relatively narrow areas of 1.5 fwhm
width in radius. The optimization and the subtraction areas are
separated by a 1 fwhm (full width at half maximum of the PSF)
gap which is neither used for optimization nor subtraction. The
selection of reference frames in the temporal sequence is deter-
mined by a parameter which limit the amount of subtraction on
real field object at any separation (here we set this limit to 20%).
Once a TLOCI solution is calculated for each science frame,
all frames are de-rotated to a common direction and median-
combined. Since the TLOCI processing resulted in the highest
signal-to-noise detection of the disk features, the TLOCI image
was used for all subsequent analysis. However, we recover the
same structures with all three processing methods.
2.3. NACO polarimetric archival data
HD 97048 was previously observed with polarimetric differen-
tial imaging using VLT/NACO. The observations were carried
out on April 8th, 2006 and were previously analyzed by Quanz
et al. (2012). The system was observed in H and Ks-band with a
Wollaston prism in place to split the ordinary and extraordinary
polarized beams on the detector. A stripe mask was introduced
to block light from areas where both beams are overlapping. In
both filters the system was observed with a single frame expo-
sure time of 0.35 s. For each of the 4 HWP positions, 85 indi-
vidual integrations were combined, leading to a total integration
time of 119 s per polarimetric cycle. In H-band, 12 polarimetric
cycles were recorded and 8 in Ks-band. Further details can be
found in Quanz et al. (2012).
To compare the NACO data to our new SPHERE DPI observa-
tions we re-reduced the data set using the same pipeline as for
the IRDIS DPI observations, with small adjustments to accom-
modate the different data structure and observation strategy. The
main difference in data reduction compared to the IRDIS data set
is the absence of a coronagraph during the NACO observations.
Due to the short single frame exposure time of the NACO data
the central star was not saturated2. We could thus improve the
accuracy of the polarimetric differential imaging by re-centering
each individual frame. This was done by fitting a Moffat function
to the stellar PSF. The resulting Qφ and Uφ frames are shown in
Fig. 1. No dedicated astrometric calibrators were imaged for the
VLT/NACO data set. From Fig. 1 in Ginski et al. (2014) we esti-
mate a true north correction of 0.7±0.2 deg. We used the nominal
pixel scale provided in the image header.
3. Disk features and geometry
3.1. Description of detected features and comparison with
earlier observations
We detected several distinct features in our new SPHERE im-
ages, which we highlight in Fig 2. In polarized light (Fig 2a) we
find a continuous disk down to an angular separation of ∼75 mas,
i.e. the edge of our coronagraphic mask (the cavity visible fur-
ther in is only caused by the coronagraph). Going along the
minor axis towards the West we see a first depression in scat-
tered light at ∼0.19 arcsec (Gap 1) directly followed by a bright
ring (Ring 1). Ring 1 is then followed by a continuous disk un-
til ∼0.44 arcsec where we find a second depression in scattered
light (Gap 2), followed again by a ring (Ring 2). In our polarimet-
ric data we then tentatively detect a further gap at ∼0.78 arcsec
(Gap 3) followed by a narrow arc, which we believe is the for-
ward scattering peak of yet another ring (Ring 3). We conclude
that due to the visible compression of the features (specifically
Ring 2) and the slightly increased surface brightness in the west-
ern direction that this is the Earth-facing, forward scattering side
of the disk. In our r2-scaled DPI image (see Sect. 3.3) we also
detect some flux on the far (eastern) side of the disk, which we
interpret as the extended backscattering signal of Ring 3 and pos-
sibly further out structures. Lastly we note that the narrow hori-
zontal bar that is visible in the DPI images is a PSF artifact that
was not completely suppressed during data reduction and has no
astrophysical origin.
In the ADI data (Fig 2b), the innermost region of the disk is
not accessible due to unavoidable self-subtraction effects in the
data reduction process, thus Gap 1 and Ring 1 are not (or are only
marginally) visible. However, we clearly detect the near, forward
scattering side of Ring 2. In the ADI data we now see at high sig-
nal to noise that Ring 2 is indeed followed by a gap (Gap 3) and
another ring (Ring 3). Furthermore we see that beyond Ring 3
there is yet another gap in the disk at ∼1.09 arcsec (Gap 4) which
is followed by another narrow ring (Ring 4) of which we again
only see the forward scattering side. The backscattering far sides
of the individual rings are not detected in the ADI image, pre-
sumably because their projected sizes are more extended and
they are weaker than the forward scattering sides and are thus
completely self subtracted. We note that in the ADI image the
rings appear broken along the minor axis, somewhat reminis-
cent of the recent SPHERE ADI images of the disk around
HD 141569 A (Perrot et al. 2016). However, due to our comple-
mentary DPI data, we clearly see that this is only an ADI artifact
in the case of HD 97048. For a detailed discussion of the effect
of the ADI technique on images of circumstellar disks we refer
to Milli et al. (2012).
HD 97048 was previously observed by Quanz et al. (2012) in
polarized scattered light in H and Ks-band using VLT/NACO.
They did not detect any of the features seen in our observations.
2 Some of the frames were outside the linear response regime of the
detector, this effect was stronger in Ks-band than in H-band. For details
we refer to Quanz et al. (2012).
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Fig. 1: 1st row: Left and Middle: Reduced SPHERE DPI Qφ and Uφ images. Color scale and stretch are the same for both images.
North is up and East to the left. We have some residual signal in Uφ close to the center of the image, which may be explained
by imperfect centering of the coronagraphic data or by multiple scattering in the inner disk. 1st row: Right: Qφ scaled with the
square of the separation from the central star to account for the r2 dependency of the scattered light flux (see Sect. 3.3). 2nd Row:
SPHERE ADI images of the system reduced with 3 different algorithms (simple ADI, PCA and TLOCI). In all cases the H2 and H3
band images were combined to increase the signal. 3rd and 4th Row: Left and Middle: NACO H and Ks-band Qφ and Uφ images
re-reduced by our team. Ring 2 and Gap 2 are clearly detected in Ks-band. 3rd and 4th Row: Right: r2-scaled Qφ NACO images
analog to the corresponding SPHERE image.
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To better compare the NACO data to our new SPHERE obser-
vations, we re-reduced the archival data as described in Sec. 2.3.
While we clearly recover the same cross-shaped inner region of
the disk that was also found by Quanz et al. (2012), we now
also marginally detect Ring 2 in H-band (especially the northern
ansa, see Fig. 1). Furthermore we unmistakably detect Ring 2 in
the Ks-band image. It is still unclear what produced the strong
horizontal signal in the inner part of the disk in the NACO data.
However, it is not seen in the much higher quality SPHERE data,
so it is presumably a PSF or instrumental polarization artifact.
We used the NACO data to compare the recovered surface
brightness in H band with our measurement in J band to deter-
mine if there are any apparent color effects present in the disk.
We used H-band only since in Ks-band most frames are outside
of the linear response regime of the detector close to the stellar
position and can thus not be calibrated photometrically. Figure 3
shows the surface brightness profile along the major axis of the
disk in northern (PA = 3◦, see Sec. 3.2) and southern (PA = 183◦)
direction obtained from the unscaled Qφ J-band image. The pro-
file is obtained by selecting all pixels that are azimuthally less
than 10◦ away from the major axis. These pixels are binned radi-
aly in 40 mas and 60 mas wide bins for SPHERE and NACO
respectively, between 0.05 arcsec and 2 arcsec. The error bars
show 1σ uncertainties of the surface brightness in the unscaled
Uφ image. More specifically, we defined annuli at the same radial
distance and with the same radial width as the Qφ surface bright-
ness bins and determined the standard deviation of the Uφ pixels
within each annulus. The profiles in figure 3 show the surface
brightness contrast of the polarized scattered light from the disk
with the stellar magnitude (assuming 6.67±0.05 mag in H-band
and 7.27±0.02 mag in J-band, Cutri et al. 2003) which allows us
to compare our photometrically calibrated disk brightness in J
and H-band.
We find that the surface brightness in H-band corresponds well
with our own J band measurement, i.e. we do not find a strong
color dependency of the scattered light surface brightness. This
could be an indication that the scattered light signal is dominated
by particles larger than the wavelength, and for which thus no
color dependency would be expected. However, the disk struc-
tures are only detected at very low signal to noise in the NACO
image, thus further SPHERE observations in the visible and near
infrared wavelength range will be needed to confirm this finding.
3.2. Fitting of disk features and scattering height
determination
To quantify the geometry of the disk we fitted ellipses to the rings
and gaps detected with high signal to noise in our SPHERE DPI
and ADI data. Ellipses offset from the stellar position should de-
scribe the features sufficiently, assuming that we are looking at a
axi-symmetric, inclined, flared disk.
Our fitting procedure consists of a Monte Carlo routine that cre-
ated 106 elliptical annuli for each structure within boundaries
such that the annuli trace the rings or gaps. We then measured
the flux in each of these annuli and found the annulus which
maximizes the flux in the case of the bright rings, or minimizes
it in the case of the dark gaps. Since only the DPI data shows the
full rings we used only this data set to determine the position an-
gle and inclination of the disk. We specifically fitted Ring 1 and
Ring 2 simultaneously in the unscaled image for this purpose. To
ensure a good fitting result the horizontal PSF artifact that is vis-
ible in the DPI image was masked. In addition, we only used the
backscattering side of Ring 2 to set initial boundaries for the fit,
but masked it during the fitting procedure. This was done since
the somewhat extended flux that we are detecting on the east-
ern side of Ring 2 likely originates from the partially illuminated
"wall" of Ring 2, i.e. from a different height as the forward scat-
tering western side of the ring. This effect would be expected to
be much less significant for the innermost ring, thus we included
the full ring in the fit. The width of the measuring annulus was
set to 2 pixels. This narrow width was chosen to avoid contam-
inating flux in the annulus from further inside the disk, which
would dominate over the flux of the rings.
Using this procedure we find an inclination of the disk of
39.9±1.8 deg, slightly smaller but consistent with the inclination
of 42.8+0.8−2.5 deg recovered by Lagage et al. (2006) with isophot
fitting of their PAH emission image. We further recover a po-
sition angle of the major axis of the disk of 2.8±1.6 deg. The
uncertainties of these values were computed using the same pro-
cedure on the Uφ image for a noise estimation. These results are
also highly consistent with recent ALMA Cycle 0 observations
of HD 97048 (Walsh et al. 2016), who find a disk inclination of
41 deg and a position angle of 3 deg.
Using the measured inclination and position angle we then in-
dividually fitted Gap 1 and Gap 2 in the DPI image as well as
Ring 3 and Ring 4 and the corresponding gaps in the ADI im-
age. To constrain the size of the rings in the ADI image we set
boundaries such that the rings should include the faint western
backscattering region visible in the r2 scaled DPI image.
We estimated reasonable error bars for each parameter by repeat-
ing the same fitting procedure with the same boundaries for each
sub-structure in the Uφ image for Ring 1, 2 and the associated
gaps, and on the eastern side of the ADI image for Ring 3 and
4. This was done to determine the influence of the background
noise on the fitting procedure. The resulting flux distributions
after 106 measurements were fitted with a normal distribution.
We then considered the width of these normal distributions for
each sub-structure to determine a range of well fitting parame-
ters. Finally we computed the standard deviation of each param-
eter within this range to estimate the uncertainty of each param-
eter. The results of our fitting procedure are listed in Tab. 1. We
also show the best fitting ellipses to the bright rings over-plotted
in Fig 4.
The increase of the offsets of the ellipses from the stellar posi-
tion is most likely induced by the flaring of the disk. We used
these values along with our recovered inclination to determine
the surface height of the disk at which our scattered light signal
originates. This was also done by Lagage et al. (2006) for their
mid-IR observations. For an illustration of the involved geom-
etry we refer to Fig. 5 (adapted from de Boer et al, submitted
to A&A). We show our results in Fig. 6 and the corresponding
Tab. 2. The height of the disk that we recover is slightly smaller
than the one found by Lagage et al. (2006). This is not surpris-
ing since they traced PAH molecule emission in their observa-
tion, which should originate at the disk surface where the disk
is directly irradiated by stellar UV flux. We find that the scat-
tering surface height H at a separation r from the star can be
described reasonably well with a single power law of the form
H(r) = 0.0064 au · (r/1 au)1.73 up to a separation of ∼270 au. The
last two data points at 316 au and 341 au deviate significantly
from this power law. This may be explained by the disk surface
layer becoming optically thin at large separations such that the
scattered light originates from a lower surface height. A similar
behaviour is also visible at ∼350 au for the PAH emission shown
in Fig. 2 of Lagage et al. (2006).
Chiang & Goldreich (1997) show that for an irradiated disk, a
typical value for the flaring of 9/7≈ 1.3 should be expected. The
exponent measured here is significantly larger than that theoret-
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Fig. 2: SPHERE/IRDIS DPI (left) and ADI (right) images of HD 97048. The recovered disk structure is indicated. In the r2-scaled
DPI image we see signal at the (forward scattering) positions of the two outermost rings recovered in the ADI image. In addition,
we see some signal on the far side of the disk that likely originates from the backscattering side of these outermost rings.
ical value. However, we have to keep in mind that the pressure
scale height for which the 9/7 exponent has been derived is en-
tirely dependent on the temperature and does not directly trans-
late into the height where the disk becomes optically thick for
photons flying radially, so where we would expect the scattering
surface to lie. One possible explanation for the stronger surface
flaring would be, that HD97047 has a more shallow radial slope
of the surface density that would push up the surface height in
the outer regions. Incidentally, this is consistent with the very
low physical scale heigh that we measure in the inner disk re-
gion, expressed in our fit by the very low prefactor of the flaring
powerlaw. Effectively, the region inside ∼50 au is geometrically
flat, pointing to a very low surface density or extremely effective
dust settling.
3.3. Scattered light phase function
The surface brightness of an inclined protoplanetary disk will be
affected by the phase function of the dust which depends on grain
properties such as size, shape, structure and index of refraction
(e.g. Mishchenko et al. 2000). Therefore, a measurement of the
(polarization) phase function of the scattered light image will
allow us to put constraints on the grain properties in the disk
surface of HD 97048. We follow the method from Stolker et al.
(submitted to A&A), which maps the scattered light image onto a
power law shaped disk surface. In this way, we can calculate the
disk radius and scattering angle in each pixel which is required
to determine the scattering phase function and to construct r2-
scaled images that correct both for the inclination and thickness
of the disk.
In Sect. 3.2, we used ellipse fitting to determine at several disk
radii the height of the disk surface where in radial direction the
optical depth is unity. The power law that was fitted to those data
points (see Fig. 6) is used as input for the scattered light map-
ping from which we calculated r2-scaled Qφ images3 (see Figs. 1
and 2) and determined the phase function of the SPHERE image
along Ring 2 (130-160 au). The phase function calculation was
not possible for Ring 1 because it shows strong artifacts from
the telescope spider, neither for Ring 3 because the detection is
of low S/N.
DPI observations measure polarized intensity so we have to cor-
rect the polarized intensity phase function for the degree of po-
larization in order to obtain a total intensity phase function.
Scattering of light by protoplanetary dust grains gives rise to a
scattering angle dependent degree of polarization which can of-
ten be approximated by a bell-shaped curve (e.g. Mishchenko
et al. 2002; Min et al. 2005; Murakawa 2010). Therefore, we
use a Rayleigh polarization curve to reconstruct the total inten-
sity phase function. Note that the peak value of the bell-shaped
polarization curve does not affect the result because we work in
normalized surface brightness units.
Figure 7 shows the polarized intensity phase function that is
measured from the SPHERE Qφ image, as well as the recon-
structed total intensity phase function that is obtained from the
ratio of the polarized intensity phase function and the degree of
polarization. The polarized intensity phase function is close to
isotropic for most of the scattering angles that are probed with
the SPHERE DPI observations. The degree of polarization de-
creases towards forward and backward scattering angles which
gives rise to the forward scattering peak in the reconstructed to-
tal intensity phase function since we probe scattering angles as
small as 35◦. This result is supported by the ADI observation
which shows that the near side of the disk is brighter than the far
side in total intensity (see Fig. 1).
Grains that are much smaller than the observed wavelength scat-
3 We note that our scattered light surface height profile is likely too
steep beyond ∼270 au, thus the brightness increase in that region of the
image might be somewhat overestimated.
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Table 1: Ellipse parameters fitted to the visible rings and gaps in our scattered light images. We give the offset of the ellipses from
the central star position as well as the size of the major and minor axes for each fitted feature. We also give the size of the semi-major
axis in au, since it directly corresponds to the physical radius of the de-projected rings. Inclination and position angle were fitted
simultaneously for all structures resulting in a single value.
Gap 1 Ring 1 Gap 2 Ring 2 Gap 3 Ring 3 Gap 4 Ring 4
∆ R.A. [mas] -1.3±2.7 -6.5±6.4 -90±11 -200±17 -295±39 -395±24 -417±33 -441±29
∆ Dec [mas] 26.8±7.6 35.8±0.8 -9±16 -33±26 -12±32 -28±15 -44±29 -64±25
semi-major axis [mas] 248.2±5.3 293.8±3.7 692±11 1018±28 1418±62 1735±24 1998±23 2156±27
semi-major axis [au] 39.2±4.1 46.4±4.7 109±11 161±17 224±25 274±28 316±32 341±35
semi-minor axis [mas] 190.4±4.1 225.4±2.4 530.9±8.1 781±15 1088±62 1331±22 1533±21 1654±24
inclination [deg] 39.9±1.8
PA [deg] 2.8±1.6
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Fig. 3: Calibrated surface brightness profile along the major axis
of the disk for our polarimetric SPHERE J-band data, as well
as archival NACO H-band data. No significant color effects are
visible between the two bands outside of Gap 1. The dotted hor-
izontal lines give the sky background limit of our SPHERE data
as measured in the Qφ image.
ter light close to isotropic (Rayleigh regime) whereas grains that
are comparable to or larger than the wavelength show a forward
scattering peak and possibly a shallow backward scattering peak
(e.g. Bohren & Huffman 1983; Min et al. 2005, 2016). For com-
parison, we show in Fig. 7 two numerical phase functions that
were calculated at 1.25 µm according to the DIANA standard
dust opacities (Woitke et al. 2016) for a mixture of silicates and
amorphous carbon grains that are porous (25%) and irregularly
shaped (fmax = 0.8 Min et al. 2005). We chose two different
grain size distributions, 0.1 < a < 1.0 µm and 1.0 < a < 5.0 µm,
both with a power law exponent of -3.5. As expected, the for-
ward scattering peak is stronger for the size distribution of larger
grains. Although the phase functions seem to match quite well
with the SPHERE data at smaller scattering angles, at interme-
diate scattering angles the phase functions deviate.
Additionally, Fig. 7 shows the phase function of a 1.2 µm com-
pact dust aggregate, calculated by Min et al. (2016) at 1.2 µm
with the discrete dipole approximation (DDA). Note that this is
a single grain size calculation so there are strong refraction fea-
tures present in the phase curve. This phase function provides a
better fit with the data because the turn over point (around 70◦)
towards the isotropic part is present both in the SPHERE data
and the aggregate calculation. Beyond 100◦, the reconstructed
phase function starts to rise again and deviates from the aggre-
gate phase function, but this could be an artifact of the hori-
zontal brightness enhancement that is visible in the IRDIS DPI
Table 2: Scattering surface height as function of stellar separa-
tion as calculated from the fitted ellipse offsets and inclination
given in Tab. 1.
Separation [au] Height [au]
Gap 1 39.2±4.1 0.3±0.7
Ring 1 46.4±4.7 1.6±1.6
Gap 2 109.3±11.2 22.2±3.5
Ring 2 160.8±16.9 49.3±6.4
Gap 3 224±25 72.6±12.4
Ring 3 274.1±28.0 97.3±12.1
Gap 4 316±32 102.7±13.8
Ring 4 340.6±34.8 108.6±13.7
data. The aggregate structure of large dust grains (2pia & λ with
a the grains radius and λ the photon wavelength) will provide
the grains with aerodynamic support against settling from the
HD 97048 disk surface towards the midplane. We note that large
grain aggregates are consistent with our earlier findings that the
color of the disk appears grey between H and J band.
4. Discussion of the scattered light gaps
Several explanations for the formation of rings and gaps have
been proposed in protoplanetary disks, in particular for the
recent mm-observations of HL Tau (ALMA Partnership et al.
2015) and TW Hya (Andrews et al. 2016), which show multiple
ring structures as seen in the scattered light images of HD 97048.
Although the scattered light emission originates from the upper
layers of the disk while the mm-emission comes from a deeper
layer, the origin of the gaps might be directly connected.
For instance, planet-disk interaction can lead to gaps in the gas,
small (micron-sized), and large grains (e.g. Rice et al. 2006,
Fouchet et al. 2007, Pinilla et al. 2012a, Zhu et al. 2012), al-
though with different shape and location in small and large grains
depending on the planet mass and disk viscosity (e.g. de Juan
Ovelar et al. 2013, de Juan Ovelar et al. 2016). This segregation
of small and large grains has been observed in different transi-
tion disks such as SR 21 (Follette et al. 2013) and HD 135344 B
(Garufi et al. 2013). In the case of HD 97048, we have four clear
gaps at ∼0.25 arcsec, ∼0.7 arcsec, ∼1.4 arcsec and ∼2.0 arcsec
distance from the star (along the semi-major axis). Analysis of
the mm-emission in the u-v plane of this disk from ALMA-Cycle
0 observations (with a beam of 0.9 x 0.52”) hint at the pres-
ence of two gaps at ∼0.6 arcsec and ∼1.2 arcsec (Fig 7., Walsh
et al. 2016). The potential close match between the location and
shape of the Gaps 2 and 3 by ALMA and SPHERE suggests that
if planets are responsible for the seen gaps, the mass of the em-
bedded planets should be small (. 1 MJup, see Fig 8 from de Juan
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Fig. 4: SPHERE/IRDIS DPI (left) and ADI (right) images with our best fitting ellipses superimposed. Fitted rings are displayed as
blue dashed lines, while fitted gaps are displayed as white solid lines (a color version of this figure is available in the online version
of the journal). The green disk in the center of the system indicates the size of the utilized coronagraphic mask.
Ovelar et al. 2013). The reasoning in this case would be, that the
shape of the gaps in small grains would be the same as in the gas
because they are well coupled and follow the gas distribution.
Large grains, which are highly affected by radial drift would be
accumulated at the location of the pressure maximum, which can
be further out than the location of the edge of the gap in gas (or
small grains) depending on the planet mass. However, we note
that the study by de Juan Ovelar et al. 2013 was restricted to a
single planet carving a gap in the disk and to cases where the
planets are massive enough to open distinct gaps in the gas. In
our case we directly detect 4 gaps and rings. Assuming that all
of these structures are indeed caused by nascent planets, it would
be expected that the location of the gap or ring in mm emission
as well as in scattered light is constrained not just by the planet
in the gap, but also by neighbouring planets. Thus it might well
be that the specific geometry of the HD 97048 system does not
allow for offsets between the observed gaps in mm emission and
in scattered light, even if planets with masses larger than 1 MJup
are present.
To further constrain possible planet masses we used the empir-
ical formula derived very recently by Kanagawa et al. (2016)
from two dimensional hydrodynamic simulations. The width and
position of the gap depends in this case on the mass ratio be-
tween companion and host star, the aspect ratio of the disk at the
gap position, and the viscosity of the disk given by the viscous
parameter α as defined by Shakura & Sunyaev (1973). We fitted
a Gaussian with a linear slope to the surface brightness profile
at the gap positions along the major axis and used the FWHM
of the Gaussian as a measure of the gap width. We find a width
of 61.8±5.5 mas (9.8 au) for Gap 1 and 133±11 mas (21 au) for
Gap 2 in the SPHERE DPI image. Since detailed forward mod-
elling is required to account for the effects of the ADI data re-
duction on the disk features, we did not inlcude Gap 3 and Gap 4
in this analysis.
The aspect ratio of the disk at the gap position can be estimated
from our ellipse fitting, considering that the pressure scale height
is approximately a factor of 4 smaller than the scattering height
of small micron-sized particles if we assume the dust and the
gas are well mixed (Chiang et al. 2001). This assumption seems
reasonable especially in the case of Gap 2 for which we find a
gap width comparable to the scattering surface height. Since the
gap width should be significantly larger than the pressure scale
height to open a stable gap, a large ratio between the scatter-
ing surface height and the pressure scale height would be ex-
pected. We note that the calculations of Kanagawa et al. (2016)
were done for the gas in the disk, while we are tracing micron-
sized dust particles. However, as is also noted in Kanagawa et al.
(2016), small dust particles are coupled well to the gas, and thus
we would expect similar gap widths in both cases. Assuming a
range of disk viscosities between 10−2 and 10−4 we find nec-
essary planet masses between 2.6 M⊕ and 0.3M⊕ to carve out
Gap 1 and 0.7 MJup to 0.1MJup for Gap 2 (more massive planets
for a higher viscosity).
This result would be consistent with our earlier estimate that
planet masses should be below 1MJup based on the coincidence
of the SPHERE and ALMA gaps (Gaps 2 and 3). The very small
planet mass neccessary to open Gap 1 might be plausible given
that we find that the disk is basically flat at this small separa-
tion. Gap 1 is not detected in the analysis of the ALMA data by
Walsh et al. (2016). This might be related to the lower resolution
of their observations, but could be also be due to the low mass
of a potentially responsible planet, which is then not expected to
affect mm-sized grains (Rosotti et al. 2016). However, we note
that the smallest planet mass studied by Kanagawa et al. (2016)
is 0.1 MJup and thus our calculation for Gap 1 represents an ex-
trapolation from their results. Furthermore, the recent study by
Dipierro et al. (2016) using 3D smooted-particle hydrodynamics
suggests that planets with masses smaller than 0.5 MJup should
not open gaps in gas and micron-sized dust particles. We thus
caution that the mass that we find for a potential planet carving
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Fig. 5: Schematical cross section of the disk model suggested by our observations. The location and the height of the depicted rings
is to scale, while the width of individual features is not. We use Ring 3 as an example to show the geometrical relation between the
height and center offset of individual rings assuming an axi-symmetric disk. Please note that the gaps in the disk are shown empty
in this schematic view for simplicity, while in reality the gaps are likely not devoid of material. This figure was adapted from de
Boer et al., A&A submitted.
Gap 1 should only be treated as a lower limit.
In any case the small planet masses we find for Gap 1 and 2 are
consistent with the non-detection of any close point sources in
the SPHERE ADI data set. In Fig. 8 we show the 5σ contrast
limits computed from this data set. The contrast is derived from
the TLOCI image, in which the self-subtraction for each TLOCI
area is estimated with injected fake planet signals. An azimuthal
standard deviation is calculated to yield a 1-D radial contrast.
We use the BT-SETTL model isochrones (Allard et al. 2011)
to convert the achievable magnitude contrast to limiting masses
assuming a system age of 2.5 Myr and a distance of 158 pc as
well as a stellar H-band magnitude of 6.67±0.05 mag (Cutri et al.
2003). We find that in principle we would have detected planets
with masses down to ∼2 MJup beyond 1 arcsec in the ADI data
and planets with masses down to ∼5 MJup as close as 0.3 arcsec.
However, this does not take into account that the gaps that we are
seeing are likely not completely devoid of material, and thus the
thermal radiation of potential planets would be attenuated com-
pared to the theoretical model values.
Other possible explanations for the origin of the rings and gaps
include the effect of snow-lines in the dust density distribution
(Zhang et al. 2015; Okuzumi et al. 2016) and pressure bumps
with MHD origin (Uribe et al. 2011, Simon & Armitage 2014,
Flock et al. 2015). Banzatti et al. (2015) recently showed the
effect of the H2O snow line on the distribution of dust parti-
cles by considering the changes of the aerodynamics of the dust
grains when they loose their H2O ice mantles. They showed that
the H2O snow line can have a significant effect on the distri-
bution of small and large particles and decrease the dust den-
sity distribution of the small grains at the snow line location.
However, for HD 97048 the H2O snow line is expected to be
at 10 mas (using the same model for the HD 97048 disk as in
Maaskant et al. 2013), which does not match any of the ob-
served structures. Extending the H2O snow line predictions for
other relevant molecular lines, such as CO and ammonia (NH3)
for which freezing temperatures are 20 K and 80 K respectively
(e.g. Zhang et al. 2015), the expected disk structures should be
located at 1.4 arcsec and 0.3 arcsec. These locations roughly co-
incide with Gap 3 and Ring 1 respectively. For small disk vis-
cosities (α≤ 10−3) Banzatti et al. (2015) found a rise of spectral
index just outside the snow line which would produce a ring-like
feature in mm-emission. This might be a possible explanation
for Ring 1 and Gap 1, although we note that it is not clear if the
same feature would be visible in scattered light. High resolu-
tion ALMA observations in combination with detailed radiative
transfer modelling might be able to determine if this is the case.
For higher disk viscosities the spectral index of mm-emissions
was found to drop at the position of the snowlines, which could
be a potential explanation for Gap 3. However, the same reserva-
tions apply regarding the visibility of such features in scattered
light. Furthermore it is not clear if CO or NH3 produce similarly
strong effects as H2O given their likely lower concentration in
the disk.
Alternatively, global pressure bumps predicted in MHD simu-
lations can create multiple ring structures at mm-emission (e.g.
Ruge et al. 2016). However, the structures expected in scattered
light can be different since constant fragmentation of the mm-
grains inside the bumps together with turbulent motion of the
particles can lead to variations of the distribution of the small
particles inside and outside these bumps (Pinilla et al. 2012b).
Currently there are also no scattered light predictions of such
a scenario and more effort is required to show what shapes of
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ness of the disk.
gaps and rings at short and long wavelengths are expected in the
MHD case. However, both possibilities (snow lines and/or MHD
effects) cannot be ruled out for the origin of the observed rings
and gaps in HD97048.
5. Conclusions
We observed the large circumstellar disk around HD 97048 with
SPHERE/IRDIS in scattered light using polarimetric and angu-
lar differential imaging and uncovered for the first time directly
4 gaps and rings in the disk. Our observations show very well
the complementary nature of DPI and ADI observations. DPI
observations enabled us to study the disk at the smallest angular
separations and without self-subtraction effects, while the ADI
observations provide deeper detection limits further out from the
star.
The inclination and position angle of the disk that we extract
from our observational data are consistent with the measure-
ments by Lagage et al. (2006) as well as very recent ALMA
Cycle 0 observations by Walsh et al. (2016). Our innermost gap
at ∼248 mas (39 au) and the following bright ring at ∼294 mas
(46 au) are identical with the gap and ring at 34±4 au inferred by
Maaskant et al. (2013) from unresolved photometry and resolved
Q-band imaging.
Our measurements suggest that the disk is flaring (assuming an
axisymmetric disk) and that the scattering surface height pro-
file of the disk is not significantly influenced by the observed
structures. Specifically we find that the surface height can be de-
scribed by a single power law up to a separation of ∼270 au.
Using this power law we derive the polarized scattering phase
function of the disk. Assuming a bell-shaped dependency of the
degree of polarization of the scattering angle we find that the to-
tal intensity scattering phase function shows a turn-off at ∼70◦,
consistent with 1.2 µm compact dust aggregates as calculated by
Min et al. (2016).
We find that nascent planets are one possible explanation for the
structures that we are observing. However, given the low planet
masses needed to carve out the gaps that we detected, it is un-
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Fig. 7: Polarized intensity phase function (green data points) and
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tained from the SPHERE Qφ image. The phase functions have
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uncertainties determined from the Uφ image. A bell-shaped de-
gree of polarization (purple dashed line) was used to reconstruct
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ically calculated phase functions in J-band for DIANA standard
dust opacities (Woitke et al. 2016) and a compact dust aggregate
(Min et al. 2016).
likely that the planet’s thermal radiation is directly detectable by
current generation planet search instruments such as SPHERE
or GPI. This conclusion is strengthened by the fact that the gaps
are most likely not completely devoid of material and thus any
thermal radiation from a planet inside the gap would be attenu-
ated by the remaining dust.
A detailed radiative transfer study, which includes both our scat-
tered light observations and high-resolution ALMA observa-
tions, is required for a more complete understanding of the disk
structure and distribution of small and large grains in particular.
We note that high resolution ALMA observation by van der Plas
et al. (2016) have just become available at the time of publication
of our observations, which will enable such a study.
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